Background/Aims: Dachengqi decoction (DCQD) is a well-known traditional Chinese herbal drug with strong anti-inflammatory effects. Angiopoietin-1 (Ang-1) plays a vital role in maintaining the stability and integrity of the vascular wall and prevents vascular leakage due to inflammatory mediators. Our previous work found that DCQD protects against pancreatic injury in rats with severe acute pancreatitis (SAP). This study aims to investigate the effects of DCQD on intestinal endothelial damage in both damaged human umbilical vein endothelial cells (HUVECs) and SAP rats. Methods: HUVECs were randomly divided into four groups: control group, TNF-α group, TNF-α plus Ang-1 group (Ang-1 group), and TNF-α plus DCQD group (DCQD group). Cells were incubated for 6 h, 12 h, and 24 h, before collection. The treatment concentration of DCQD was decided based on a Cell Counting Kit-8 (CCK-8) assay. The monolayer permeability of the HUVECs was assessed by measuring the transendothelial electrical resistance (TEER). Apoptosis was analyzed by flow cytometry. mRNA and protein expression of aquaporin 1 (AQP-1), matrix metalloproteinase 9 (MMP9), and junctional adhesion molecule-C (JAM-C) was evaluated by RT-PCR, immunocytofluorescence, and western blot. Forty male Sprague-Dawley rats were randomized into a control group, SAP group, SAP plus Ang-1 group (Ang-1 group), and SAP plus DCQD group (DCQD group). SAP was induced by intraperitoneal injection of cerulein and lipopolysaccharide (LPS), while the control group received 0.9% saline solution. Evans blue was injected through the penile vein and the rats were then sacrificed 12 h after modeling. Levels of serum amylase, TNF-α, IL-1β, IL-2, and IL-6 were determined by using ELISA. Intestinal tissue was analysed by histology, and capillary permeability in the tissues was evaluated by Evans blue extravasation assay. Protein and 
Introduction
Severe acute pancreatitis (SAP) is a common and potentially lethal acute inflammatory disease with no available molecular targeted therapy for the disorder. SAP is due to trypsinogen activation, which leads to inflammatory response including autodigestion, edema, hemorrhage, and even necrosis of the pancreas [1] [2] [3] . The pathogenic mechanism of SAP has not been fully investigated whatever the cause. SAP eventually induces regional and systematic inflammatory responses, as well as excessive production of pro-inflammatory cytokines and a waterfall-like cascade reaction triggered by cytokines. Uncontrolled inflammatory response usually results in systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome, both of which contribute to the high mortality rate of SAP [4, 5] . Therefore, new treatments or drugs to control the release of inflammatory factors are urgently needed.
The intestine is a major organ involved in the extra-pancreatic stress response in SAP, is extremely vulnerable to inflammatory factors, and correlates strongly with the evolution of the disease [6, 7] . Intestinal microcirculatory disorder and a reduction in blood flow cause an increase in the permeability of the intestinal mucosa and damage the intestinal barrier, which results in the translocation of intestinal endotoxins, bacteria, and other substances into the circulation, thus exacerbating the disease. The mechanism of damage mainly consists of two parts: dysfunction of the intestinal mucosal epithelial barrier, including the mechanical, chemical, immune, and biological barriers, and dysfunction of the intestinal capillary endothelial barrier [8] .
The capillary endothelial barrier is a semi-selective barrier composed of a monolayer of endothelial cells around the vascular lumen and basement membrane. Capillary permeability is governed by three factors: the endothelial cells, endothelial intercellular connection, and basement membrane. Aquaporins (AQPs), matrix metalloproteinases (MMPs), and junctional adhesion molecules (JAMs) are important structural proteins of these parts, respectively. Studies showed that aquaporin 1 (AQP-1), matrix metalloproteinase 9 (MMP9), and junctional adhesion molecule-C (JAM-C) all play key roles in regulating capillary permeability in SAP [9] [10] [11] . AQP-1 is crucial to the translocation and balance of water both inside and outside the cells and blood vessels. Following stimulation by inflammatory factors, MMP9 can up-regulate and destroy the basement membrane, thus, it plays an important role in microvascular permeability. JAM-C is an important protein at the intercellular junction, and if stimulated by inflammation will localize at the cellular junctions and increase intercellular permeability. These endothelial barrier function-related proteins play critical roles in the regulation of capillary permeability in SAP.
Angiopoietin-1 (Ang-1) is the only endogenous protein factor that can resist the damage of vascular leakage among the angiogenic factor family. Our previous studies found that serum Ang-1 in rats with SAP is significantly decreased and after Ang-1 treatment, the inflammatory factors in serum decline dramatically and the capillary permeability of the [12] . Many studies have investigated the mechanisms of action of various decoctions for the treatment of SAP [13, 14] . Our previous studies found that DCQD significantly improves pathological pancreatic damage in a mouse model of acute necrotizing pancreatitis, inhibits inflammatory reactions, alleviates capillary leakage, and eases the symptoms of SAP-complicated SIRS [15] . These findings may provide some guidance for the clinical treatment of SAP. However, the protective effect of capillary permeability and the mechanism in SAP associated with intestinal injury has not been reported.
In this study, using in vivo and in vitro models, we aimed to observe the therapeutic effects of DCQD on SAP-complicated intestinal injury and discuss the specific DCQDmediated mechanism that reduces intestinal capillary permeability from the perspective of the endothelial barrier. SAP rats in vivo were used to observe the effect of DCQD on tissue capillary leakage in vivo, and TNF-α damaged human umbilical vein endothelial cells (HUVECs) aimed to observe the direct effects of DCQD on endothelial cells in vitro.
Materials and Methods

Drugs and reagents DCQD is composed of Da Huang (Radix et Rhizoma Rhei), Houpu (Cortex Magnoliae Officinalis), Zhi
Shi (Fructus Aurantii Immaturus) and Mangxiao (Natrii Sulphas) (Shanghai Hua Yu Chinese Herbs Co, Lt, China). Dahuang (1200 g), Mangxiao (750 g), Zhishi (990 g), and Houpu (900 g) were pulverized and then percolated in 60% ethanol for 24 h. Thereafter, 3 L of the percolated liquid was harvested at 1-3 mL/min and an additional 60% ethanol was added to provide full extraction of the active reagent. Mangxiao was ground and filtered through an 80 mesh sieve. Zhishi and Houpu were boiled twice, first for 2 h and then for a further 1.5 h, harvested, filtered, concentrated, and mixed with the Dahuang percolate. Mangxiao was mixed with ethanol distilled under reduced pressure, filtered by a 10 mesh sieve, and dried to powder. The extraction rate was 13 
Materials
Cellular model
HUVECs (Shanghai Institutes for Biological Sciences, Shanghai, China) were cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S, Life Technologies Corp., Grand Island, NY) All cells were incubated at 37 °C in 5% CO 2 (v/v). TNF-α -damaged HUVEC model was established by culture with 10 ng/mL TNF-α [16] for 6h, 12 h or 24 h. Cells were divided into 4 groups: control, TNF-α (10 ng/mL TNF-α), Ang-1 (100 ng/mL Ang-1 30 min after TNF-α; Pro Pack Technologies Pvt. Ltd., Shanghai, China), and DCQD groups (100 μg/mL 30 min after TNF-α). rats (n = 40; weight 250 ± 15 g) were purchased from SLAC Laboratory Animal Co., Ltd (Shanghai, China) and raised in a specific-pathogen-free (SPF) animal room. One week after adaptive feeding, the rats were allocated to either the control group, acute pancreatitis group (SAP group), Ang-1 combined with SAP group (Ang-1 group) (20 ng/kg, ENZO Life Sciences), or DCQD combined with SAP group (DCQD group, 0.9 g/kg gavage). The SAP model was induced by 4 abdominal injections of cerulein (50 μg/kg/h) and 2 abdominal injections of lipopolysaccharides (LPS, 7.5 mg/kg), while 0.9% saline solution was used in the control group. Evans blue (EB) was injected through the penile vein and then the rats were sacrificed 12 h after the last abdominal injection. Abdominal aortic blood was drawn and immediately centrifuged (1000 g for 5 min).
Animal model
The supernatant was extracted and frozen at -80°C. Intestines were harvested, and fixed with 10% formalin for pathology and immunohistochemistry. The remaining parts were frozen at -80°Cuntil needed for the protein assays.
Cell Counting Kit-8 (CCK-8) assay
A total of 10000 HUVECs were plated into each well of a 96-well plate and cultured for 6 h, 12 h, or 24 h. Thereafter, 0.001, 0.01, 0.1, 1, 10, 100, and 1000 μg/mL DCQD (1000 μg/mL) was added to the culture medium, and cells were cultured for 6 h, 12 h, and 24 h. Subsequently, 10 μL of Cell Counting Kit-8 solution was added to each well and the cells were incubated for 3 h; a microplate reader was used to measure absorbance at 450 nm.
Serum amylase, IL-1β, IL-2, IL-6, and TNF-α assays
The serum amylase assay was performed in an automatic biochemistry analyzer (Roche Ltd., Basel, Switzerland). IL-1β, IL-2, IL-6, and TNF-α levels were measured by enzyme-linked immunosorbent assay in accordance with the manufacturer's instructions (Hangzhou Multi Sciences, Biotech, Co., Ltd., Gongshu, China).
Pathological changes in the intestine
Small pieces of intestinal tissue were used for histological analysis. Samples were fixed with 10% formalin, dehydrated, and embedded in paraffin wax before slicing and staining with hematoxylin & eosin. The pathological injury severity score was determined under light microscopy according to the method by Chiu et al [17] : 0 indicates normal small intestine mucosa villi; 1 indicates Gruenhagen's space beneath the intestinal mucosal epithelium at the apex of the villus, which often accompanies capillary hyperemia; 2 indicates intestinal mucosa epithelial cells rising from the intrinsic membrane and expansion of the spaces under the intestinal epithelium; 3 indicates most of the intestinal mucosa epithelium is raised, villi are toppled over on both sides, and the top parts of the villi have fallen off; 4 indicates scaling and peeling of the intrinsic membrane, expansion of bare capillaries, and intrinsic membrane components increase; and 5 indicates digestion or metamorphosis of the lamina propria, bleeding, or ulceration.
Capillary permeability test
The rats were injected with EB (25 mg/kg body weight) via the jugular vein 30 min before they were sacrificed. The intestines were harvested and washed with PBS containing 5 mmol/L ethylene diamine tetraacetic acid to remove residual blood. The intestinal tissues were weighed and mixed with dimethylformamide at 100 mL/100 mg of tissue followed by incubation for 18 h at 60 °C. The extracts were centrifuged at 1000 g for 20 min. The absorbance of the supernatant was then measured by spectrophotometry at 620 nm, and the results were expressed in units of μg EB/g intestine, calculated against a standard curve [18] .
Transendothelial electrical resistance assay
The transendothelial electrical resistance (TEER) of the HUVEC monolayers was determined using MERSSTx01 Electrode according to the manufacturer's instruction manual (EMD Millipore Corporation, Billerica, MA). A total of 1x10 5 HUVECs were seeded on each fibronectin-coated plates; blank filters were stratified with fibronectin. Transwell® filters (0.4 μm) were used until confluence. After cell culture for 24 h, a MERSSTx01 electrode was used to detect the TEER values of the HUVECs. The resistance values of all Transwell filters were measured sequentially and the mean was expressed in units of V cm 2 after subtraction of the value of a blank cell-free filter. 
Apoptosis assay
For the apoptosis assays, cells were plated in 6-well plates at a density of 3.0x10 5 cells per well. The cells were incubated until they were approximately 80% confluent, and the assay medium was added. Cells were pretreated with or without TNF-α (10 ng/mL), then treated with Ang-1 (100 ng/mL) or DCQD (100 μg/mL) for 6 h, 12, h or 24 h. Apoptosis rates were determined by the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences Pharmingen) and analysis by flow cytometry was performed within 1 h.
Immunofluorescence
Fresh intestinal tissues were sectioned and frozen before incubation in 5% FBS for 30 min. The following antibodies were added and incubated overnight: JAM-C (1:50; Santa Cruz Biotechnology Inc., Santa Cruz, CA), AQP-1 (1:250; Abcam, Carlsbad, CA), and MMP9 (1:250; Abcam). The secondary antibody (Cy3-AffiniPure Goat Anti-Rabbit IgG, Jackson ImmunoResearch, West Grove, PA,) was added and incubated at room temperature for 1 h. Nuclei were stained by DAPI and sections were sealed by glycerinum. Observations were performed at 40x magnification.
Four groups of HUVECs were stimulated for 12 h. Cells were washed with PBS and fixed in 3.7% paraformaldehyde for 10 min, blocked with 5% bovine serum albumin in PBS for 10 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and incubated overnight with the antibodies. The secondary antibody (Cy3-AffiniPure Goat Anti-Rabbit IgG, Jackson ImmunoResearch) was added and cells were incubated at room temperature for 1 h. Nuclei were stained by DAPI and sections were sealed by glycerinum. Observations were performed at 40x magnification. Images were captured with a Zeiss confocal microscope and analyzed by LSM510 and Image J software (National Institutes of Health (NIH), Bethesda, MD).
Western blot RIPA Lysis buffer was added to intestinal tissues (1 mL lysate for 1 mL tissue) and HUVECs on ice for 1 h and centrifuged at 1000 g for 15 min. Supernatants were harvested and the protein concentrations were measured using a BCA Kit. Thirty micrograms of protein from each sample was used for SDS-PAGE and blocked by 5% BSA sealing fluid for 1 h at room temperature. Primary antibodies were added: JAM-C (1:200; Santa Cruz Biotechnology), AQP-1 (1:1000; Abcam), MMP9 (1:1000; Abcam), and GAPDH (1:1000; Abcam) for 1 h at room temperature followed by horseradish peroxidase-coupled secondary antibody (1:5000; Jackson ImmunoResearch) for 1 h at room temperature. After 4 °C incubation overnight and 10 min washing with Tris-buffered saline Tween buffer three times, ECL substrate was added and imaging was obtained by using Bio-rad Gel Doc EZ gel imaging system. Gre value analysis of the target bars was performed by using Image J software (NIH).
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted from the intestinal tissues and HUVECs with TRIzol reagent (Invitrogen). Polymerase chain reaction (PCR) primers were designed to be isoform specific. Following the instructions of the ReverTra Ace qPCR RT Kit (Toyobo), complementary DNA was generated from 1-μg purified total RNA by reverse transcription (30 min at 37 °C and 5 min at 98 °C).
To quantify the expression of the messenger RNA (mRNA) of AQP-1, MMP9 and JAM-C, a semiquantitative PCR system was set up using 2 μL of 10x PCR Buffer, 1 μL of dNTP at 2.5 mM, 1 μL of MgCl 2 at 25 mM, 1 μL of forward and reverse primers at 10 μmol/l, 1μL of complementary DNA, 0.25μL of Taq enzyme, and deionized water to a total volume of 20 μL. The thermal cycle for amplification was as follows: (1) 94 °C for 3 min; (2) 28 cycles of denaturation, each consisting of 30 s at 94 °C, 45 s at 58 °C, and 20 s at 72 °C followed by (3) a final extension for 7 min at 70 °C. GAPDH amplification sequences were used as an internal control. PCR products were subjected to electrophoresis in 1.5% agarose gel.
The sequences of PCR primers used were as follows: HUVECs: AQP-1 (forward) 5′-CCTCCTGGCTATTGACTACA-3′, (reverse) 5′-CCAGGATGAA-GTCGTAGATG-3′; MMP-9 (forward) 5′-TCGTCATCCAGTTTGGTGTC-3′, (reverse) 5′-ACAA-CTCGTCATCGTCGAAA-3′; JAM-C (forward) 5′-CAGTAGGCAAGATGGCAACA-3′, (reverse) 5′-CATCATTGCGATACCAGCTG-3′; GAPDH(forward) 5′-CTGCCAACGTGTCAGTG-GTG-3′, (reverse) 5′-AAAGGCCAACAGCACAGTCA-3′. Rats: AQP-1 (forward) 5′-TTGCCATTGGCTTGTCTGTG-3′, (reverse) 5′-ATGAATGGTCCC-ACCCAGAA-3′; MMP-9(forward)5′-CTTTCTTATTGCCCGCACGT-3′, (reverse)5′-ACATTTT-GCGCCCAGAGAAG-3′; JAM-C(forward) 5′-TGCAGAGTTCCAAAGGCTGT-3′, (reverse) 5′-ACATCATTGCGGTACCAGCT-3′; GAPDH (forward) 5′-GGCAAGTTCAACGGCACAGT-3′, (reverse) 5′-ATGACATACTCAGCACCGGC-3′.
Statistical analysis
All experiments were repeated at least three times. Values are given as means ± SEM. Data were analyzed using SPSS 18.0 software. Statistical significance was assessed by one-way ANOVA. P values less than 0.05 were considered significant.
Results
Damaged HUVECs model established by TNF-α stimulation
HUVECs were treated with 10 ng/mL of TNF-α for 6 h, 12 h, and 24 h. It is known that TNF-α promotes cell apoptosis. In this study, we used HUVECs to explore the role of TNF-α on apoptosis in vascular endothelial cells. The flow cytometry results showed that the apoptosis rate of HUVECs was increased in the TNF-α group (Fig. 1A) . These results suggested TNF-α can induce apoptosis in HUVECs. The cell permeability of the TNF-α group was higher than that of the control group at different time points (P < 0.01). Permeability was higher with longer incubation times (P < 0.05; Fig. 1B) .
We explored the role of endothelial barrier function-associated proteins AQP-1, MMP9, and JAM-C in TNF-α-induced damaged HUVECs, with RT-PCR, immunocytofluorescence, and western blot assays. As shown in Fig. 1 C, D , and E, the expression of AQP-1 protein was lower in the TNF-α group than in the control group at 12 h, but MMP9 and JAM-C proteins had higher expression (P < 0.05). AQP-1 mRNA expression was lower in the TNF-α group than in the control group at 12 h, and both MMP9 and JAM-C mRNA levels were higher (P < 0.05).
Effects of DCQD on the damaged HUVEC model
We used CCK-8 assay to find the optimal concentration of DCQD for the HUVECs. When the concentration of DCQD was in the range 0.0001-100 μg/mL at 6 h, the survival rate of the HUVECs barely changed. However, at 12 h and 24 h, the survival rates increased with increasing concentrations of DCQD. When the concentration of DCQD was 1 mg/mL, the survival rates at 6 h, 12 h, and 24 h fell sharply. Thus, we chose 100 μg/mL as the optimal concentration of DCQD ( Fig.2A) .
Cell permeabilities in the TNF-α group, Ang-1 group, and DCQD group were higher than those in the control group at different time points (P < 0.01). The permeabilities in the Ang-1 and DCQD groups were much lower at the beginning of the 6 h and were lower after longer incubation times in comparison with the TNF-α group (P < 0.05; Fig. 2B ).
The apoptosis rate of the HUVECs in the TNF-α group was higher than that in the control group, while the rates were lower in the DCQD and Ang-1 groups than in the TNF-α group (P < 0.05; Fig. 2C ). These results suggest that DCQD can reduce apoptosis in HUVECs.
Effects of DCQD on the expression of AQP-1, MMP9, and JAM-C in the damaged HUVECs model
The expression of AQP-1 mRNA was lower in the TNF-α, Ang-1, and DCQD groups than in the control group at 12 h, while the levels of MMP9 and JAM-C mRNA were higher (P < 0.05; Fig. 3A) . However, the mRNA expression of the AQP-1 gene in the DCQD group was The expression of AQP-1 protein was lower in the TNF-α, Ang-1, and DCQD groups than in the control group at 12 h, but the expression of MMP9 and JAM-C proteins was higher (P < 0.05) Expression of AQP-1 protein was higher in the DCQD group than in the TNF-α group, and MMP9 and JAM-C levels were lower (P < 0.05) (Fig. 3 B and C) .
Effects of DCQT on serum levels of inflammatory cytokines and intestinal injury in SAP rats
From these results, we found that DCQD reduced the damage to HUVECs caused by TNF-α and altered the level of expression of AQP-1, MMP9, and JAM-C. We used a rat model to verify the action of DCQD in intestinal injury caused by SAP. The morphological changes in the intestine are shown in Fig. 4A . The intestinal tissue of the rats in the control group showed no obvious changes but that in the SAP group was pathologically damaged. Erythrocytes and inflammatory cells were observed in the interstitium of the intestine and the Chiu's score of the SAP group was much higher than that of the control group. Moreover, the scores of the Ang-1 and DCQD groups were much better than that of the SAP group, (P < 0.01; Fig. 4A ). The capillary permeability of the intestinal tissue in the SAP group was significantly higher than that of the control group (P < 0.01), and that of the Ang-1 and DCQD groups (P < 0.01; Fig. 4B) .
The serum levels of amylase, TNF-α, IL-1β, IL-2, and IL-6 from representative rats are shown in Fig. 4 . The serum levels of amylase, TNF-α, IL-1β, IL-2 and IL-6 were higher in the SAP group than in the control group (P < 0.05) and DCQD group (P < 0.05; Fig. 4 C, D, E, F , and G).
Effects of DCQD on the expression of AQP-1, MMP9 and JAM-C in intestinal tissue of SAP rats
RT-PCR results showed that the expression levels of AQP-1 mRNA were significantly lower in the SAP group than in the control group, while the expression levels of JAM-C and MMP9 were significantly increased (P < 0.01). AQP-1 mRNA expression levels in the intestinal tissue of the Ang-1 and DCQD groups were higher than in the SAP group, while JAM-C and MMP9 mRNA levels were lower (P < 0.01; Fig. 5A ). 3 . DCQD regulates AQP-1, MMP9, and JAM-C and protects against damage in the HUVECs model. A. Expression of AQP-1, JAM-C, and MMP9 in HUVECs treated with DMEM, 10 ng/mL TNF-α, 100 ng/mL Ang-1, and 100 μg/mL DCQD for 12 h by RT-PCR. B. Expression of AQP-1, JAM-C, and MMP9 in HUVECs treated with DMEM, 10 ng/mL TNF-α, 100 ng/ mL Ang-1, and 100 μg/mL DCQD for 12 h by western blot. C: Expression of AQP-1, JAM-C, and MMP9 in HUVECs treated with 10 ng/ mL TNF-α, 100 ng/mL Ang-1, and 100 μg/mL DCQD by immunocytofluorescence.
* P<0.05, ** P<0.01, compared with the control group; # P<0.05， ## P<0.01, compared with the TNF-α group. Ang-1 denotes the TNF-α plus Ang-1 group; DCQD denotes the TNF-α plus DCQD group. To determine the expression and cellular localization of AQP-1, MMP9, and JAM-C in intestinal tissue, immunohistofluorescence and western blot assays were performed (Fig. 5  B and C) . The expression of AQP-1 protein in the intestinal tissue of the SAP group was lower than in the control group while JAM-C and MMP9 protein expression levels were higher (P < 0.01). The expression of AQP-1 protein in the intestinal tissues of the Ang-1 and DCQD groups was higher than in the SAP group, while JAM-C and MMP9 protein levels were lower (P < 0.01; Fig. 5 B and C) .
Discussion
TNF-α is an important factor in the inflammatory reaction processes of the human body. TNF-α receptor exists on the surface of vascular endothelial cells. Studies showed that abnormally high levels of TNF-α in the blood damage the vascular endothelial cells and promote the expression of endothelial cell adhesion molecules to strengthen the adhesion to neutrophils. Moreover, TNF-α promotes endothelial cells to produce more inflammatory factors, which further increases the vascular permeability and inflammatory reactions [19] [20] [21] . Hence, it is often used to study the mechanisms of endothelial cell injury in vitro.
In this study, we used TNF-α to establish a cell injury model in HUVECs. We observed changes in permeability and apoptosis rates in endothelial cells. Since AQP-1, MMP9, and JAM-C all play key roles in regulating capillary permeability in SAP [9] [10] [11] , we also observed changes in the expression of endothelial barrier function-related proteins such as AQP-1, MMP-9, and JAM-C proteins and mRNA. We found that after adding TNF-α (10 ng/mL), the TEER permeability measurements and apoptosis rates of the endothelial cells increased at 6 h, 12 h, and 24 h. These results are consistent with the results of our previous study [22] . The most significant rise in the rate of apoptosis took place at 12 h, so we chose 12 h as a check point. We found that the expression of AQP-1 protein decreased, while the expression of both MMP-9 and JAM-C increased in the TNF-α group compared with the control group. The mRNA expression of each protein changed correspondingly. This demonstrated that changes in the endothelial cell membrane-related proteins indeed influenced endothelial barrier function in SAP.
In recent years, research into Angiopoietin has substantially altered our understanding of the pathological process of capillary leak syndrome in SAP. Ang comprises a family of specific endothelial cells secrete growth factors. Ang-1 is the only endogenous protein factor that can prevent the damage of vascular leakage among the angiogenic factors family. Ang-1 promotes endothelial cell chemotaxis and aggregation, and inhibits apoptosis, inflammation, seepage, and leukocyte adhesion. It can also regulate the proliferation of endothelial cells and vascular smooth muscle cells to promote the maturation of blood vessels, which is very important for maintaining the stability and integrity of blood vessels [23] [24] [25] . Our previous studies found that serum Ang-1 levels in AP rats are significantly decreased, and after treatment with Ang-1, the amounts of inflammatory factors in serum dramatically decline and the capillary permeability of tissue decreases [26] . Therefore, this experiment used Ang-1 in the positive control group.
With the human recombinant Ang-1 and DCQD freeze-dried powder intervention, we found that the permeability and apoptosis rates of the endothelial cells decreased. Compared with the TNF-α group, the expression of AQP-1 protein and mRNA increased and the expression of MMP-9 and JAM-C decreased. These results showed that DCQD could effectively alleviate the capillary leakage and the damage to the endothelial barrier function due to the inflammatory reaction process via regulation of the endothelial barrier-related proteins. The results were consistent with the results of our previous study [9, 26] .
To verify the results, we established a SAP rat model by intraperitoneal injection with cerulein plus lipopolysaccharides (LPS), intervened by tail vein injection with Ang-1 and gavage with DCQD. We subsequently sought to identify inflammatory factors in the serum and intestinal damage among the rats of each group. We also observed the correlation between endothelial barrier function-related proteins and intestinal capillary permeability. Our model was deemed successful. Serum amylase, capillary permeability, and the expression of inflammatory factors such as IL-2, IL-6, IL-1β, and TNF-α appeared in the SAP group as previous research has shown [27] . However, compared with the SAP group, the pathological damage to the intestinal tissues of the Ang-1 and DCQD groups were significantly alleviated alongside obvious decreases in the levels of amylase in the serum, capillary permeability, and the expression of inflammatory factors, such as IL-2, IL-6, IL-1β, and TNF-α. These results showed that Ang-1 and DCQD could effectively alleviate intestinal capillary leakage in rat models with acute pancreatitis, and might play a positive role in protecting the microcirculation of the intestine.
In addition, we detected changes in the expression of AQP-1, MMP-9, and JAM-C, the endothelial cell barrier function-related proteins, in rats intestinal tissues after the intervention with DCQD and Ang-1. Ang-1 and DCQD significantly upregulated the expression of AQP-1 protein and downregulated the expression of MMP-9 and JAM-C proteins. Thus, Ang-1 and DCQD alleviated intestinal injury in SAP, decreased capillary permeability in the intestinal mucosa, and reduced capillary leakage by regulating the vascular endothelial barrier function-related proteins.
In summary, acute gastrointestinal dysfunction is a severe complication of SAP. However, recovery of the intestinal capillary endothelial barrier dysfunction can alleviate intestinal damage in SAP. Hence, treatment of intestinal capillary endothelial barrier dysfunction is key to the treatment of SAP complicated by intestinal damage. DCQD not only relieves damage the capillaries due to cytokines and inflammatory factors by inhibiting the release of these factors, but also regulates capillary permeability and alleviates endothelial damage effectively by altering the expression of endothelial cells barrier proteins. Our findings may provide a new direction and therapeutic target for the prevention and treatment of SAPrelated intestinal injury.
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